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This vort me do*e under NuWepe Task Assignnt No. PAv32702/31u/
FMoo-l3 003, Jbb Order No. 6327; BuWepe Task Assint No. XDA-360lIh/3J
F009 03 00., .bb Order No. 6333; w BuWepo Task Assint No. RAV32702l/
3111/FO-13 003, ,bb Order No. 6326. The repowa listed. in the referenoes
ha been helpfl to the author as lz atooly mterianl o= the mbjeot of
Inertial navisatim. fThe m embil relions an eqmatim have been
reviewed by ,bn B. camwy.

mMl

The prsent pe dsvelops leartial guiance eiatioms for the
mpgular velocities, the 11mwr velocities aind the omponents or the
aceelatilaw fbr nin different platform verbiemian asImth ocobinatlons.
Pletfozm vertleals mole geocentric, as.e attractions end gmodetio, iah
we omined vith free, =ftb slawd, aw grid tp ot Bsmufth torquing.
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Murtlal navigation ezloMe an 1trt. 3 qAmt, o&tpat stm
eeoposea of a cuputer and a glidaled platform eontaining roo and
aeeeleremter ammted a3mng the rms of the u MaMgt sytem. Me

-seeere eostantly- meawm acceleration in this systm of ema,
which Is required to have a know orientation vith respect to Inertial
spae. ne oa ter Is uuua ly referenced to earth's ln.itae md latUitde,
or to mer othe referme frfim having bum spac. nd tJ= Orientation
Vwth respect to the -maneINOt maa system. Orawvli coma nents ane
required at aU times In both reference ma system. Me foOVIu A
deerlbee mime patf c, each repesenting m peosible ombination of
the aulih orientation WstM (north slaved, free aeimath, grid) ema
three vertical references (geocentric, m attraction, p m i e-).
MMicAl eal . eeia" s ] at m mO eie f aea
easpmenta, ==3 rates, ma linear ma roun velocLties.

Thie most iqiortent poblm In Inertia navigatio is the
estalkmt of the lvel p2ne throu& a point above he Nth, iLh Is
repeenmbe qrrt by en maf reference oeUlsola. Pla rm level.
Is defimed b the cheice of the amml or vertical, *ich m be peentde,
runing thrcudi the center of the reference elipsold, or mnn e,inteepting the paler out of center. Me directional eoncieneq
of the neoazl with the as attractlan is sailed the ss attram
vertical. Mhe ateal tabm mi to the ":Ce of th r esnm eollpesod
is emhud ft eo bue e LV

1
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I. AfLM=h~ SOW7N FMB EVN-01OCfERI VZMWlAL

A. TOR CORDDWZE SYSTEMS

Mhe rijat handed ooor&1nt system (z,. y, p ) Is fixed with
Mvilng plAtfoiM. The s axis correspons to the vertical ana In directed

diownvard. M~e plea. (z y) defines the plane of & Platfci'. "IeaoordIoate systemK (Z',SY' j.z') Is %Iws12L t 3 ,y P) andorigin
ooincides vith Center Cot the hIth. ,x yx $ z3 ' the 'uerbial system,
fixed In space withl respect to 8, star.

ret 1,.93 and ibe untetors respeatws~r Ith x *yz
axsor X,py, #' o !,I an #" mit yoto's &3xg z 1 , #yX ,
axes, respectively.

Gemtrica re3*tjQsb4% betgmeg the ooadinate system Is sbm
In P1@3e .

OF TIM UrN3 VEMIS

rat e~in %, a1 , be the direlomi 00sines Vith onepm51ng

I [,2s1 J Mn

a n ,

fte vimcooisuae system (z' y' z') am be bIaud*i to the system
(zCj yj i by the three rotatioms:

(1) The rotation tbronqi angla I about s' a~ds bXI3p Jk' In
positin DO a

(2) go rotation tbrOAgh SUSIS9C + Ik abot DO' bVIIp 5' Into
olmidence wiLth z

(3) The rotation tbrOU&g =610e 90 -1I about z, sos bring x and, y'
Into coincidence with XI- n y, , respectively-

3
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Plane of Platform

L+yI

XI FIUREO1

N4 II N 0 ~ 0 Logtd of P . Mrda

Lc: : Geoc:tr1 Ptitud

:*'24,::. .0. .
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?ineuaW the direation cosines met

0 . sin k min 1,-csck ofnt od

ea a f uiAk o0m - o5A l lin if1 (1.2)

* oom Ak co I + oftAk Sla Lk mini 13

3

n2  0 wCo amL in IiIi

a - fLk
3

9w directIam ooudms 0" fkm~tbs Of A, 1 smeafmte

C. 1WSEE vUm

IAt ([ PJ )i be the poeLtionm ycto frmeE m no w of Smt
to the piatfta P vith respect to tnerta] space. wosqposent &Ing
zj y and s -s be wittm for ujEq3,t it In the fru

I(I- PPI %-

The POsiticu Tector Of & P~xtfrm P In tern of x . ya a s lachosen
so that
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The magnitude of the io tludes radius of the Mth ma a3.itad of the
platform:

- R + he

there the subscript o deoates geocentric and R is the rdlus of the North
for the point P .

D. ANWJUUB VEOCMfl

TAt ; be anwal velioty of the wovg stem P vith respect
to inertia spe . The ocqiomnet of that onx , y end z mumewei

'k -'fr. nd is, respectively.

The i s In the m am rat wotor of the N thr ith respect to I a=r l

spae and the ocmponstamaong z y y , s me:

Ue is t e seal. w2oo, vector of the P2Mfri relative to tn Noth

6alace and t omonents aw6 x , y p x oe we

General ampzar vesoIty vector of a platform Is:

fr6;
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The anse veloclty vector of platfo m P In tea of mnit
vectors cm be epeuedl

Tr - Iv + 3, + v

(1.7

at (I)p - 0

i . ;ad (1.8)

o(1.7) ma (1.8) at ealmoting vector cioss pm&ot w hove:

! (IV + 3 + f X

or

I. .- f (1.9)

3 f - IV (1.10)

(1.9) in m.tIpUed by , (1.3.0) is wzti plid by I a d (1.11) Is
mltiplied by 3 an after evmluating cross prodncts me obtain:

&x3 fiy (1.12)

B&i IVZ
- ,7
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Using the Lwmsfouutin (1.1) ve have the vector units at the z, y ad s
vith respect to hmuablMI spaet

1 a 3

ftm arwatives of the (1.13) vith respect to lm'iula pace not

(u, + , b).Is,, + %, a + ) Ed, 3 ,.+ b

+m& +

1 2 3

do I f , ft

inere - # -N @d aI 12.3

Substibtton of (1.13) a (1.1li) Into the (1.12) gives IMentitlo. vwith
respect to T~ad

3 3

abln coefficlats of either I, or f we obtas:

23 32

2M3 31 (1.16)

12 2 e 21 (1.17)
.3

Substiftting correspondiug direction cosines a their derlwatives ve obtain:

8
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VX - -fi vinAk+ aox Ak ooo k - (1.2B)

V S0 k - ' WazLI, (1.20)

vwm~ + I i I? em rt Of teptfmv1With rgsct to
North suite md vz - 4nU1Br raft.

meevasians (1.20)v (1.19) md (1.20) rpesnt the am '
velocity compamnt. In amral tons md ap3±eabl to aw twps of vertica.

Z. WA3 UOICIN!U

mte 231me uvooay of a p2*tfrm viti respect to Inertial spa** is:

Tdg derivative from (1.5) with reopec to Ineria spe ve bn

hm - -k .(1.22)

Me derlativos of 00iwt wee we 1.ve by (1.9)p (1.10) md (Ul),
tbare (1.21) beame:

.(vspw +vR

mllteiyc rite + in a

vfl~ ftv+ v.. +S(2i

V'J~t + VCl*9
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The eqiations (1.23) and (1.214) give the so2w eaqiomets of the
2iewveoity of a p~stfom:

Vv -sw vR, 3 -(2)

v iv mv 3 imL (1.26)

Vs v,%, - v3Um~ - (1.27)

Mwo 21mw veoc11li, of p~atfbm am be split In t"e m mu

%ibere f - hrth's suzfaoe ve~ooi17 wIth respeat to lmz'4Wl spa. and

VG - platfoim v*2gaity vIth respeot to Bwft's mifese (woman v.owity).

Mhe Inertia vwlooity aom~onnts:

Vz - Vt +0o

VY - y + vO (1.28a)

MmbIufn I. t.l W (±.a$)Do (1.26) and (1.27) ve fine (see
FISUre 2-6.)

Nw -Ep minack sin A. (1.29)

MM "NP GoouQk
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and
d (Mi. ol coA.~)

P~zd (%hP 005k)

The par meer ok defones the type of vertical. tr gsocntric vertical

k 0 0 . Mxm va.n of 4k takes place fo. geodetic verbical:

Sa -. From ige 2-b. ve am rnds'

North gon velocity comnt is:

-. Tf W e" La (1.32)

and east ground velocity ooqaemt Is:

Vp cos L (1.33)

ru Figure 3 v cm iM:

V~x TN V. o A k +. si n Ak

V - vF .am5 - V. sin A k

VI. " a k- Vo $1,

VEA - sin A+ c Ak (1-34a)

2
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On basis of the relubichis (1.28&) ve anm~r mes the lowbial velocities:

V7 - V +PkWam a (36

a

fte aow.Iamtlon of p2Mfobu vith respect to lnrtia space a
the mms attraction fleld as be exyeed as follow:s

i6her. k - a m~

a -for geocentric vertical

a for me attraction vertical

1- for Pbub lIt* Verbiomi

Acceleration vector' In terms of the Iit vector of ooord1ae system

(z 7 z) a the scalAr acgoents:

1% +3 r isk(1.39)

The secnd derivative of position vector (1.5) with respect to inertia Mpgce In

- I(- ), VyRwz + VzRP~y)

+ :I(- AM - vxRLY +v,,

+ 1(- %a+4 PM + vfta - *7~z- v Ip
+ 3[+ *xRLz + v,!,, -*zpx -zA - iRE&

+ ~ ~ LEx v~t taR y . VA R7  z (1.1.0)

33
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Introducing (1.9).. (1.1.0), (1.23.) and (.40O) into (1.38) and aompaing with

(1.39) we have the ocmens of the aeo.2araficn of platformt

a - iLW,.+ (4' + v') %, + 2 -.. 2 yE~

+V r-*yP - v 7[vPt + vyBf~r + (i.kx

S- Avp, + (Vtm +w 2 ), + 2 v.- 2 zf

-kApy + *;~t- v vR,, + v. ]+ G(1.4&3)

Go RADIM OF THE EARM AND MASS ASTRP2PT

Assuming the Eath is an elIpsoid vs dtemne the rain~us of Eath
as function of geocentric lgtitudei

R (.+ 2 ba i 2  160 ) (.I&

where a-eguatolal zadins,

b V o2mr radius

Fina~

lp 1 a 2  b 2  BI2 + +he 1.5

Mass attraction vector can be obtained Wy the gradient of the gravItationa
potential of the ncs-rotating Earth ellipsoli

G - grad V 4i.46)

where V + - (--SIn 2 LO) ,(1.4i7)
R~p R;?3
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GE - 979.83223 ga&U

and

J - .001637

The radial couponent of mass attraction is

S-109 (1.148)

Differentiating gravitational potential (1.&7) ive have:

The norml oqionent to %, is

1 Af

2 .ja 4

G - ,- n Cos (1-51)

To give gravity the centribagal. acceleration

E R oos Le

mst be included.

g a V2 Rp cos L. +0G (1.52)

15
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H. MISD. COIV"MON

The angle am separates mo attraction vertical from geocentric

vertical or v mght pr q .3 -I h a s

%/

Ep

// 

n

Figure *

As it is seen from Figure I.ve have:

tan a -GG (1.53)

or

ta ( L -Le) 2 J sin ocoo L(.

The equation (1.5k) night be used to convert the geocentric latitude to the
mass attraction latitude. The solution for the % is

- 2 Ta2 sin LC Cos
-L 0 +arct~,nRip + '(l - 3s, 2 L) (1.55)

16
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With the meridional section through point P (Figure 5.) we can
determine the angle up between geocentric vertical and geodetic vertical

for point P above the Earth surface.

P

LLLP

C

E Ellips

FUE5.

POT is level due to g . g is norml to ellipse. The equation of the

meridional ellipse through the Po is

u 2  v2

&2 + ;7(1.56)

Differentiating (1.56) with respect to u we have

dv b2u (1.57)
N a2V

The negative inverse of the slope of the tangent POT at given Po
is tan Lp , therefore from (1.57) we have

n aa (1.5)

17
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but

V
v tan (1.59)

From the equations (1.58) and (1.59) ve obtain the conversion
expression for the geodetic latitude of the point Po c the surface
of the Earth:

ttn o (1.60)
1 + eI

The P is elevated at altitude , therefore differs from Leo

Frm the triangle EPo  (Figre 5-) s have

or

sin (L0 - L bp ui (L. - Leo) (1.61)
a c b L ° + a( + e 2 Sin 2 Lo )-t

The lp is Indicated by the inertial system. The Leo can be comlted by

the equation (1.60). Solving the equation (1.61) for L. vs find:

Le " 0 + are sin ( b psin(L L) ] (1.62)
bp+ (1 + e 2  SinL2 0

e2 a-b'18tcre e

3. .8
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II. GEOCENRIC VI'ICAL

The consideration that ak - 0 leeds to the following results:

vertical coincides with radial distance %, and 1 - Le . The position

of a platforn is determined by the values of the geocentric latitude Le  ,

longitude 1. and position vector .. . The heading angle A. determines

direction of moving system. The components of radial distance are:

and derivatives become: R - - - R", - 0

Applying L, - Lc to the equations (1.18), (1.19) and (1.20) we

have the anaular velocities for geocentric vertical:

Vx c sin Ac * c coo Lc (2.1)

w - - cos A .. sin A. cos L. (2.2)
y c c 22

v -A i sin Le (2.3)

Introducing geocentric vertical conditions into the equations (1.25),
(1.26) and (1.27) we have the inertial velocities

- - wYR -V~ + R~wE coo Le sin Ac (2.I4)

y AP =x -O +, R,,. coo %= coo A (2.V- vC~=G+~VC5C A (25)

Vz= V~z (2.6)

The ground velocities are:

VN- R (2.7)

20
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I. HEADING ANGLE

The angle between the neridional plane of the P and the plane
built by a vertical and the velocity vector and measured in the level plane
of the corresponding vertical is the heading angle. The common expression
of heading angle is

Bk - are tan [ VJ (1.63)

The heading angle is composed from two angles,the azinxth of
platform Ak  and bearing angle B (Figure 3.):

Hk-Ak + Bk (1.64)

As we can see from (Figure 3.) the bearing angle is

V
Gx
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II. GEOCMITRIC VEMICAL

The consideration that ak - 0 leads to the follwing results:

vertical coincides with radial distance Rp and mk - LO  . The position

of a platforn is determined by the values of the geocentric latitude LC ,

longitude 3., and position vector i . The heading angle Ac determines

direction of moving system. The components of radial distance are:

and derivatives become: - - - - 0

Applying L,,L - Lc to the equations (1.18), (1.19) and (1.20) we

have the angular velocities for geocentric vertical:

. Lc sin Ac + 1 coo A. coo Lc (2.1)

, . oo -A in As Aoo L (2.2)
y ic a. 22

v. -A - 1 sin Lo (2.3)

Introducing geocentric vertical conditions Into the equations (1.25),
(1.26) and (1.27) we have the inertial velocities

V- - wRE - V~ + R E CosBL sin Ac (2.Ii)

Vy - xR % + Ravi coo Los LcooA, (2.5)

V= VG (2.6)

The ground velocities are:

VII - p tc (2.7)

20
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- RE coo L. (2.8)

then - vN coo A * + ,,n A. (2.9)

VGy = VN sin A. - VEA coo A. (2.9a)

and

VGZ - w (2.10)

Observing all the conditions for geocentric vertical we obtain
the simplified acceleration components from the equations (i.1i), (1.42) and
(1. 43):

in~~VYr vxz~ ~ + Gx (2.3.)
9"x " " , " z=5& - 2 w, .% 2

ay "* - w V + 2 w , +Gy (2.12)

a (V 2 + v2 )E....- A.+ G (2.13)

A. N0OWS SLAVED PLATFOR4

Ass uing the azimth angle is zero

A -0

ve slave the platform to the north. The angular velocities become:

x -i coo Lc  (2.3)

v -- £(2.15)
y

- -sin (2.16)

-ntroducing - , and the ground velocities from (2.7) and (2.8) Into

the equations (2.114), (2.15) and (2.16) ve have:

21
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v a + coao 0  (2.17)

,,= + ( E 08o, Le ) t=L
(2.18)

-s ( c 2 0 o) tn (2.19)

To keep the platform slaisa to north and In level vith respect to
geocentric vertioal the ros should be trvied at the following rates:

The north 6ro:

-v 3 D A V e 0 Lo (2.20)

Theeat amo:

VN (2.21)(1.9

The vertical ao

tv-IPAton L. +,, vsi,, ,. (2.22)

The linear velcities em be e awresaed in the form

v - v (2.23)

y V + co, o 0  (2.24)

Vz - V G--. (2.25)

22
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The latitude of position can be computed from equation (2.23), this gives:

L . dt (2.26)

Solving the equation (2.8) for i and Integrating as time

function we obtain the longitude of position:

t

. cosL 0  t (2.27)0

The altitude h. of the platform can be computed from the
equation (2.25):

t
1

R~p VG dt
to Gz

and

he Ila -R (2.28)

Ana3,yzing the expressions of acceleration (2.f1). (2.12) and (2.13)
due to north slaved condition ve have:

VN- N +- tanL + 2 VVEWE inL.

+Lm9 ri sinL. coo L. + G1  (2.29)

a - - VGZ [E+ 2 -Y tan

-2 Vw sin L. (2.30)

23
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and

Va+ V'Sa z vz VNE& + 2 V E cooL

+ L + G, (2.31)

tb am Introduce g -ReU sL hL, a Le +0
aI

sand gz -B,, oisa L + G

Fz the equation (2.29), (2.30) and (2.31) w am in:

V 1 , V. ,a V 7 . he coonent a is sensed by north acelroter.
Tie accelezromter shou.d be torqped with the folloving sigmal:

A .-(a - ') (2.32)

The a Is sensed by east acoearemter. The aef2aoater should be
y

torqued at the rate:

A .- (Ay - 'PA) (2.33)

The ertical acceleration a is sensed by vertical acelaemuer. The
torquing rate Is:

Aczm (%az ff) (2.34i)

214
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B. FM AZD4IJ PLAM

No angular rate e0dsts fbr azimth free platform alxmg x ax.s,
therefore

v,00

the equation (2.3):

k O  + .) sin Lo (2.35)

Ditegat.ng the equation (2.35) e fin the eeoui to o oqUte a,=uth

t

A 0  Op v,,) sin L. dt (2.36)
t

0

Other tw, angula vsmolties along x and y ames are. reupective,:

x 00

Wx -lo lmo+ eo~oomo~~os0o ( 2.37)

and

v a - L cos A, - ipoo L sin A. -vsi A oos L, (2.38)
y 0 a

or In the tem of groumd veooity:

- ,N , Ao +A+ *v omA. oL.

.A + wi cos A. coa L. (2.39)

and

v
- - sin Ao coa L. (2.110)

25
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Vic t,",,'L ' at rtes of x axis gyro and y axis Gyro to keep the
platform in lrnvl u-o, iw:-ctively:

t - WE (2.41)

'Ix
- - +, ,EsinA cosL (2.42)

No torquing rates are applied to azimuth axis - z . The x axis can point
any place at any time during flight. aowing Initial azimuth angle of
f Jtform we can find deviation from north at a later time by the known rate
L + wE) sin L. in the equation (2.35).

The ground velocities V., V , and V z keep the same form

of the expressions, therefore, the linear velocities for the azimuth free
platform are:

V 1 . v= + Re ooo L. sin Ac (2.43)

V . vooLOs (2.4)

V3 - G (2.145)

Applying generalized expressions of acceleration to a platform oriented
free in azimth we have the sensed accelerations slong axes of the moving
system

V
a V -v (- + 2 L n A* I + v, sinL

+ ,,sin L oos coo A + 0x  (2.")
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V
ahe -+ee a+ v. cosL 0. oo A. VGxvE sln to,y VGY - EG [c%

-En " N L. snAc +0G (2.47)

a's - -+ +2viCV A. -VQ si-n) A]o 2 .L.

+L " " (s"L + (2.h8)

The three ncceleronxter should be torqued by the follwring torquing
rates:

A au- (2.49)

A r --(a -4) (2.50)

and

A00cz - - (a z - V0;Z) (2.51)

C. GRID PLATFORM

The x axis of the platform mrk~s a conrtaut angle 'with a
particular initial iriaidien, at any tim~e during flia~ht such that the x axis
of the platform stoys in parallel p~rnes normal to the equxator durin- flieht.
This can happen 'when the earth rate is applied to torque the aziraxth =xis-

The angulcar velo~city along z moCi is

V~ z v. sinL (2.52)
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From this w have:

c- 1. sin L,(2.53)

The x axis deviates flom north direction by angle Ac , which is the

tbrc- bite ral of the angulor rate of the platform with respect to the earth
surface; therefore,

t,

A- i. sin Lc dt (2.54)
t

0

3h this case we have the following angular velocities in the terms of
ground velocities:

, MV- v + w. coo L. cos A (2.55)

VG
V -- -.- ,v. con L. sin A (2.56)

and

Vz = - vi, sin Le (2.57)
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Mhe tor ing rates of the aro@:

ty -v (2.59)

and

t z (2.60)

One, robes keep the platform In lavel and satisfy the grid oonitiom.

Me equations (2.4) to (2.6) are aplied for the gi e plotform.

Mhe gr d v*2&otla we the sme In the cam of free aumth

S .-- io .m A 0 A + p aom .sIn 0 ) (2.61)

(., L si .+1 o .a (2.62)

Sii

V Z . -(2.63)

Frmthem equatios w have:

: V W Ac -V.si aA.
Le a f am Rpdt (2.641)
to

t Vk sl A+V. oos A,
-L a f Rlp oos )dt (2.65)

to

and he - Rp- R (2.66)

29



NAFI RORT TR-31

The position is determined by the expressions (2.64), (2.65) and (2.66).
Tha ground velocities are oo ited from the acceleration equations; those
ve obtain introducing the conditions of the g id potfor into the equations
(2.31), (2.12) and (2.13):

a Va ax Oz +V22 . o L.,sin A.

+ 2 v. V., si L. + sin -o cos L. 0 o, A. + G= (2.67)

V
a =jo - V.(-G+2vos LecooAc]
y 0y P RIc

- 2 vVa sin L - sin LO coeo% A (2.68)

as-V f - . +2[V owA, -V . A. ,,, o" L.

+ ,L,, 006" ,o +GO (2.69)

MW last two term of each eation re oopmnts of the PsVitV.

The torquing siOl of the aooe3 8ctss alm x, y a
mil

A= " " " ) (2.70)

Aca- - - - ) (2.71)

-a

Aces - - (% - v03) (2.72)
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IMI MASS IdAMTnAION VEICAL

Since the z axle coincides vith the was attraction vertical.
the components of mas attraction acceleration become

oX -o

o -o
y

and

The angle between geocentric vertical ad mass attraction vertical is

k %

The Iatitude boaaw

ad heading angle

Taking Into accouab al those oa.itions we sigbt use gene lsed.
solutions of the non-geoentric vertical to an ze ra orientation of a
pIatfo'm vith respect to the north direction.

Appling the Inertial velocities for mass attraction vertica from
(1.35) to (1.37) we have

V - Va + pvcoLsnA

v. vOY + pn cam Lu we Am(3.1)

z -Gz
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2e iertial accelerat , In the form of (1.41) to (1.43) night be
In the term of the Iner ial velotles and e lar veaocitles as fo1lma

+V*V -VT

4L ZZ +13V (3.2)
ml'

a- v. ,,+ vV - VvT + o

=,ta'o~anthen4 , tmitlti of the , t (3.1) Into the euatiems (3.2), the

nartia -'aoearatlmsensd b y the mooe m'cme beoes

fft -V.,(v3 - v inLl ~ uIi~ vy v,, 006 IL sinA.)

+ p.v,, nL.ow L. om A. (3.3)

-vl aft u. am L. sin An (3.4)

nd

a G .-Lvy - v. con %min An] + V v, v. con 06 IOwnA~mj

+* n~o~ +0 (3.5)

The obzticm of the differenatia eqaticms (3.3) to (3.5) gives'
the grou velooltles

V. , T%,, -,, '

2he pasition Io mMLon is obtaftzable fom the goun velocities,
Vhoh are time Integrlsa
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Mhe sal velocities d, to mss ,"tractlon vwe'icl3.t

,X - - k in A. + oos A. amo L (3.6)

,W.. - -ws oo,, am %,,,n. (3.7)

,,- - sin. (3.8)

Esaflin (1.31) for mass attraction vertal.e ve have

Pm - R, 00 L (3.9)

adLe. =L,. o ~ n bk oft,[ (% - Lao)  ( 0

h, + aVL + ea.2. L ) 4

that is Jientcal vith the expession (1.62). To am= ltitdes L

n % v ca use 0e fatule. (1.55).

A. NO3)M SIAVU) PLYWOF

At a tlm during motion the x ads is not separated frou the
north direction; aztmzh angle Am is zero. The angur rates of the
moving system beaei:

"- __ + ,? Co ,a

. .L(3.12)
7 p,,

emil

and

V -V-- tonla - v sin m (3.13)
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To keep the platform In level and in proper verticaltr the V'ros are torqjued
by the following rates:

xx

y y

and
t---3 3

The inertial velocities due to the mas attraction vertical and
A- 0 from the equations (1.35) to (1.37) miest be ecpessed In the form:

Vy - VFA+ PavE coo (3.15)

V - Vz

where

VN- PMkn

VIA- PJ 0 La (-6

end

VGz-- A

The inertial accelerations of the north slaved platform become:

a V V " Z + V ton LM

+2 ) n! sinL.o5i. (3.17)
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-EA - p. [moI ] - 2 VrV, si L
PM

tan L (3.18)
p m

and

V-2 + v-,
+-r + EA 2 v cooaTL + p.?coo' L +G (3.19)az %Z+ pM vEAEEm

The torquing rates of the acceleromers are

Ad= - ( a - tN) (3.20)

A c - -(a - (3) .21)oCY y E

Ac00 . - (a2 - %2) (3.22)

The position coordinates are determned by the set (3.16):

ti

-r / dt (3.23)
t 3

tz VEA
- / co t 03.2lf)

to
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and

a(,+ a, sin 0)4  oo.L 0 o (3.2)
bmm~ V~,dt-o m(.5

t
0

vhre o M Ian rwe related by the eqstions (1.55) and (340).
%a heading anglae Is ompted by

N - atn (-J (3.26)

B. FM AZDI' PP

This case -

V, a o (3.26)

Other two intia ome"i vlooties are

" M- ! z oo s08 1 .o (3.27)

pm

'W av. on r, si A,(3.28)

FiU her e platform sliuunt retes are an follmmt

tx -- v

ty - (3.29)

and
tz -0
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No torquing rates exist along azimuth axis. The platform deviation angle
from the north direction is determined by

t

to tE si + n - i.] ,t (3.30)

The inertial velocities hold the relationshipe of the set (3.1).

8upp2ying the azimth free conition to the general wez.essiono of
the Inertial accelerations (3.3) to (3.5) w obtain

v
a~~~~ 2V [-v cos% sinj

'ax- VG. z [. P. E m.

y na

mm

+ V + v Z i +covm + (3.31)

a Av coo A~ +v,2, cosa +G3y Oy Gz 37
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The acceleromoters are torqued by the rates:

AcXa -(a.-W,

Acey= -(3.34i)

Aes ". (a 3 -z i 0 )

C. OD PLATFOR4

The condition for the grid platform is described in the section
(2-F), specified for mos attraction vertical it gives:

z nv i (3.35)

or

The 'b oes of the angular velocity along x an a e ae, respetively:

and

y ~ p w. cooL.sin A. (3.37)

P

The inertial velocities are expressed by the equations (3.1).

The Inertial accelerations are obtained from the general expressions

(3.3) to (3.5) specified for grid platform:

V
aa mV + 2 V. sinr -Vo[- + 2 wcooLsinA]

+ ,r2si o cos A, (3-38)
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V
2 -wjVG sinL1 - VGZ +2v o o

en a y(} Ecx m G(P+ sin coo sin A (339)

mid

az Gz + p1 O vEGxco% ' m

+ 2 coo L coo .,+p 3, o s,,+G (3.A +o)
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IV. GUODNUC VR=

The vertical taken norml to the suface of the reference
ellipsoid represents the gravity vector, fiieh is resultant of the mass
attraction and the centrifugal force. The choice of the z axs eloW
this vertical gives:

£z'g -0

and
9z g

The additiomal conditions ftr the geodetio vertical we:

%- 6P

AJ m Ap

and

pk-o

Observing all those onlitions the umgala velocities bold the
relationship:

X -t-+Vz coosLooA?.

y PP WE

PPP

v" "-T""v orn I, ,nA (11.2)
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The inertial velocities for geotetic vertical are:

Vx - ox + 005 o r, i A 44

V -V + P~~ o~posA

and

vS av05  -Ap (4.6)

and
V -- LpP i .+i P o .os (4i.8)

fhe Inertial aeco3lratioans zm3nmed in the term of the gounmd and the
a r velocities take simple form:

a -Vt -v CVa - vz i P a V-V 0 p sin ~(~vooLs ApJ (4.9)x 1y(~

y or + Vr [ v. - . sin, L JV. Ev .11 + . o 1 os ApJ (4.1O)

and

a-V. - Va Lv - v. aos L.. siAr

Gyro wxygl.u rats:

t -- Vtz x

y

t -V
z z
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rind aocelerometer torqua sigiaU:

A" -(a - 'to)

Ae .- - (I.13

mW be applied m lad~esed.

A. 1VDM SLAVED PLAMR4

0 The x axis Is slaved to the north a32 the tlmp therefore
Ap Ap 0 an the meualu reas we

V

VYAP

pp V 3 i1(Ii)

*m v ~ %posh

iwl oI , the =Sa~w velooities (4i.14) to (4i.16) labo the egpatius
(49)t (.1)v have the oea'tcs

%UVN+ V-2 tm .. +2VNEVIA oft4p~ - V.rr)
pp PIP
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fr" NV- 21 ta L - 2 veo sinL, -v. -+ 2 VE 00 I] (co.oL)

ppp
a- +2 ,vnV co~,+ s (11.19)

D. FM AMWI! PLAMM

The s ax is t torqued., thareforo

,,, w 0 (4.20)

Other two anoll velooitie are:

" VOY +% v. ca oos A (4.21,)
V

V1  cos (14.22)

The Inartial Imtites we gLMe tbr The G tI=S (4.4) t. (k.6).

Substituting the vabie of t a Mes (14.20) to (1.22) Into
the equations of the acceerations (I.9) to .. have:

x Vp

a-V y- av snL +V Iv v. coo sin A (4.23)

yy pp
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a +-IV+! + --- + 2 VaL; o i CSsin AP+ 2 VvE cogI.? ogAp (41.25)z Gz PE

C. GRID PLATFO)RM

Tbe anlgular valoeity of the platforualobng z axis is

v z r- -v sin Lp(4.26)

Along x and y axes, reupeortive2.yt

vyC a .as s ooA (4e.27)p 3

The equations (41.41) to (4i.6) define the In.Ttial veloities.

Mw~ Inertial oeoolaations beoom:

i~ avatIp- c .asL f (14.29)

a O Mw snL O v aom . os ApJ (11.30)
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* and

VI+ VI-
IL z - o a + ~ 2Y Vv 003 lip sin A7

+ 2 Ve cos %,oos A +a (4&.31)
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V. OWIMUMM

f ooomint m of free azimath e dgodetio verticna. of fers
the simplest form of the mthsmtioal .qistiomns, since It Is coe3y
eointed vith the actua altitude end zw velocities of the plotform
en on3 tw plaetfom trquing rtes we required.

Thbe "ape of Inertia platform described In this pqwr we
adequate for mdsrstel hI* latitudes, bat they eed to Inaouraies
Am sW p ed to operations over the polw wee. Me positional -e

velocity Ina e ursces in this ease we associated. ith the reId. ocve e
of the mldims In. polar aeas. kuab nowigatoml fMoiau'Wes am be
oorrtedd- mtilea3 by use of relocated ele elwations, d ah vifl

be pented In a Inter er

1e6
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Page 6 D. Angular Velocities (third line)

Vk should be w

Third line from the bottom

WPk should be WP

Pape 8 Equation (1.13) should be

!I= +3e +K. 3

kIn I+ 3n 2 +L-

1 2 3

Equation (1.14) should be

1 I+T2 +Ke3

+1 ' 2 +Z3

P.-o 19 (Seventh line from top)

'platform Ak  and bearing angle B ' (should read) bearing angle Bk

Pago 27 C. Gf.rD PLATFO'PJ (Third line) in parallel plano(shoauld read)
parallel and displaced

Page 41 (First line) Change "geotetio" to geodetic

Page 47 Roforonoos

e. W.A. Keislknnen (should read)
W.A. Helskanon
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